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Magnetic resonance imaging (MRI) is a non-invasive tomographic procedure that can 
delineate the relaxation times of water protons in an external magnetic field to produce 
images.[1] This technique has emerged as a versatile, sensitive, flexible platform for 
routine medical and biological imaging with a high degree of spatial resolution, 
excellent soft tissue contrast, and absence of radiation risk.[2,3] The MRI contrast 
originates from the signal intensity (SI) difference between the adjacent regions of the 
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imaging sample as a result of the proton magnetization. However, the inherent contrast 
of most clinical, biological, and biomedical samples is not always sufficient to 
characterize or distinguish the different conditions unambiguously in MRI. Therefore, it 
is necessary to apply dedicated contrast agents (CAs) to enhance the native contrast and 
improve detectability. The most frequently used CAs are based on paramagnetic 
properties. The paramagnetic based CAs primarily affect the longitudinal (T1 relaxation 
time) and transverse (T2 relaxation time) relaxation properties of the sample and induce 
measurable differences on the T1-weighted (longitudinal/ spin-lattice relaxation time) 
images.   
   The in-vitro application of paramagnetic CAs to evaluate solute transport 
characteristics in anisotropic and isotropic mediums by non-destructive and 
non-invasive MRI is an emerging field of research.[4–7] Hemodialyzers, comprised of a 
bundle of hollow fibers, are a good example of an anisotropic medium.[8,9] Moreover, 
hemodialyzers are used clinically to replicate the function of a healthy kidney through 
the in-vitro blood filtration process (as a clinical extracorporeal therapy unit).[10,11] A 
better understanding of the flow patterns[12] and concentration fields in the blood and 
dialysate compartments of hemodialyzers would help when evaluating the functional 
status of these modules, as well as during the design of novel and high efficiency 
modules.[13,14] However, the evaluation of the flow distribution pattern within the 
hemodialyzer is a rather complex process.[14,15] Therefore, MRI is a significant 
non-destructive experimental tool for observation and quantification the flow 
distribution pattern through a dialyzer. 
   Pure agar hydrogel medium, which can be considered as an isotropic medium, can 
be applied to simulate different body tissues[16–18] in experimental procedures. 
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Therefore, the observation of the diffusion of MRI CAs in agar hydrogel phantoms 
could be significant as it can open the path for in-vitro functional evaluation of body 
tissues and to calibrate dose levels, test novel techniques/sequences, and standardize or 
optimize the performance of the MRI instruments.[19,20]  
   However, most previous MRI applications with respect to the flow evaluation of the 
hemodialyzers[6,14] and diffusion evaluation of the agar hydrogel phantoms[4] were 
related to the high magnetic field (HF) strengths (> 1 T) and more advanced pulse 
sequences (such as Gradient-echo, Time of Flight, velocity encoding, diffusion 
weighted). A coherent understanding of the in-vitro application of paramagnetic CAs 
under spin echo (SE), LF MRI (< 0.5 T[21,22]) for evaluation of the solute transport 
characteristics in the hemodialyzers and agar hydrogel phantoms, has not yet received 
sufficient attention.  
   LF MRI is considered a more economical imaging tool than HF MRI.[23,24] 
Furthermore, LF MRI is an excellent choice for screening procedures due to its low 
cost, the absence of ionizing radiation and greater contrast resolution[25] than the other 
imaging modalities (Computed Tomography). LF MRI also facilitates a higher magnetic 
field homogeneity comparable to the HFs,[26] with easy hardware manipulations with 
low specific absorption rate (SAR).[27,28]  
   The SE pulse sequence is the most basic,[27] simple, and readily available pulse 
sequence in any MRI setting. One advantage of the SE sequence over other pulse 
sequences is that it can produce a wide range of T1, T2, and Proton density (PD) 
-weighted contrast on acquired images after manipulating extrinsic parameters of time 
of repetition (TR) and time of echo (TE). Furthermore, this sequence is relatively less 
sensitive to the magnetic field inhomogeneity and, therefore, has less potential for 
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signal reduction and the distortion. SE is also insensitive to medium-induced 
susceptibility variabilities and capable of producing a high signal-to-noise (SNR) ratio 
and contrast.[29]  
   The general objective of this dissertation was the in-vitro application of 
paramagnetic CAs to evaluate the solute transport characteristics in anisotropic and 
isotropic mediums under non-destructive T1-weighted SE LW MRI based on the CA 
concertation dependent method. The primary objectives were to determine the 
capability of in-vitro use of paramagnetic CAs together with T1-weighted SE LW MRI 
to evaluate the flow distribution pattern with the concentration fields in the 
hemodialyzers (an anisotropic medium) and to evaluate the relative diffusion process in 
agar hydrogel phantoms (an isotropic medium). There were several secondary 
objectives of this dissertation, including: evaluation of the paramagnetic CAs signal 
enhancement under SE LF MRI; investigation of the longitudinal relaxivity constants 
(r1) of paramagnetic CAs under LF MRI; determine the dependence of the 
hydrodynamic size of paramagnetic CAs on their concentration; macroscopic scale 
evaluation and observation of the flow distribution pattern and the concentration fields 
in the blood and dialysate compartments of the current clinical hemodialyzers; 
identification of the effect of the MWs on the rate of the CAs diffusion; and proposing a 
method to approximately estimate the type of the charge and the MWs of the MRI CAs 
by using the conventional gel electrophoresis with LF MRI. 
   According to the above objectives, this dissertation is arranged into nine chapters. 
Thesis motivations, objectives, and structures which are referred to as the thesis 
overview, were summarized in Chapter 1. 
   Chapter 2 focused on an extensive review of the principle of MRI techniques and 
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spin relaxation process, which will serve as a guide for understanding the subsequent 
chapters. In addition, the pulse sequence characteristics and hardware elements which 
are related to this dissertation were also briefly outlined. The significance of the 
utilization of SE pulse sequence and LF MRI was also discussed in the latter part of this 
chapter. 
   In Chapter 3, experimentally explored the relationship of SI to the concentration of 
three types of aqueous CAs by changing the TR values while fixing the other 
parameters with SE sequence at 0.3 T MRI using a phantom setup. Moreover, this study 
also investigated the relaxivity constant of each of the above CAs at 25 0C room 
temperature. The obtained results revealed that the overall SIs increased along with an 
increase in TRs (while also increasing the maximum relationship between SI and 
concentration) with the signal peaking at lower concentrations. However, longer TRs 
also reduced the T1-weighted contrast and increased the scan time. The optimal 
concentration depended on the pulse sequence parameters and type of CAs; and this 
concentration decreased with the increase of TRs for a particular CA. Based on these 
findings, it can propose that with a reasonable scan time, a positive association and a 
better linearity between the T1-weighted SIs and the CA concentration in SE under LF 
MRI can be achieved by applying relatively low CA concentrations (< 1 mmol/L for 
Gd-based chelated compounds, < 0.5 mmol/L for Manganese(II) Chloride [MnCl2]) and 
low TR values (< 600 ms for Gd-based chelated compounds, < 100 ms for MnCl2). 
Moreover, the reported r1 relaxivity constants of 3.98 Lmmol
-1s-1 for Gadolinium 
diethylenetriamine penta acetic acid (Gd-DTPA), 3.59 Lmmol-1s-1 for Prohance and 
8.98 Lmmol-1s-1 for MnCl2 were in accordance with the published literature.  
  The theoretical estimation described in Chapter 4 demonstrated the relationship 
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between the obtained SIs on the images produced from the SE pulse sequence and the 
applied CA concentrations. 
  Chapters 5 and 6 present a feasible non-destructive methodology for qualitative and 
quantitative evaluation of the flow distribution patterns and concentration fields of the 
blood and dialysate compartments, based on the steady-state tracer experiment with the 
application of Gd-DTPA under SE LF MRI. After injecting Gd-DTPA CA sequentially 
into the blood or dialysate flow path, the motion and the spatial flow distribution 
patterns were observed in macroscopic scale through a series of MR images. 
   The obtained results revealed that the studied clinical dialyzers have a relatively 
uniform blood compartment flow distribution pattern (uniform radial spatial flow 
distribution pattern and uniform axial concentration decreasing pattern) while in the 
dialysate compartment there was a slight non-uniformity in the spatial distribution of 
flow velocities along the radial and axial directions. In addition, this was able to realize 
a presence of minor variations in the concentration distribution pattern within the 
transverse sections of the blood compartment. Although, the mean concentration almost 
linearly decreased in the axial direction and the absence of channeling effect, a minor 
variation of concentration distributions in the radial direction was observed with respect 
to the dialysate flow path of the studied dialyzers. Furthermore, a higher hydraulic 
conductivity was observed along the axial direction than the radial direction in the 
dialysate flow path. After comparison with the literature, these results demonstrate that 
the described contrast-enhanced (CE) LF MRI SE technique seems to be an extremely 
beneficial method in the evaluation of the blood and dialysate sides spatial flow 
distribution patterns and concentration fields in hemodialyzers. This approach offers an 
inexpensive, non-destructive, feasible and more frequently available technique, which 
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can be applied in any MRI setting. 
   The molecular weight (MW) effect on the rate of the diffusion process of MRI CAs 
was evaluated and observed in an isotropic agar hydrogel medium in Chapter 7. In this 
study, the diffusion process of CAs was recognized on the MR images as an extension 
of the signal intensities (SIs) within the agar gel phase. An approximate diffusional 
displacement ratio of 1:1:2 per hour resulted from the paramagnetic complexes of 
Gd-DTPA with a MW 547.57 g/mol, Prohance with a MW 558.69 g/mol and MnCl2 
with a MW 125.84 g/mol, respectively with 48 hours of the experiment. These data 
reinforce the hypothesis of the inverse relationship of the MWs of the CAs to the rate of 
the diffusion process in the agar hydrogel medium. This study also proves that the 
combination of paramagnetic CAs together with SE LF MRI is a promising method for 
studying the diffusion process of isotropic mediums in biomedical applications.  
   In Chapter 8, gel-electrophoresis of the selected MRI paramagnetic CAs was 
performed in two stages with the electric fields of 50 and 100 V after loading the CAs 
into the gel matrix. The migration velocities of each CA were discriminated from MR 
imaging by placing the agar gel plates after electrophoresis in LF MRI. The study 
results demonstrated that the charge states and MWs of the MRI CAs are significant 
factors in the evaluation of migration velocities in a homogeneous medium with an 
electric field.  
   Lastly, Chapter 9 concluded the major findings of the entire work and possible 
future prospects.  
   The obtained above results of this dissertation demonstrate that the application of 
paramagnetic CA together with LF SE MRI technique has great potential in the 
evaluation of fundamental transport properties of anisotropic and isotropic biomedical 
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applications such as hemodialyzers and agar hydrogel mediums. Therefore, this 
approach is valuable and useful application for biomedical research studies in 
low-income countries. However, the results highlighted that changes in the MW and the 
charge of the paramagnetic CAs could be a major effect when evaluating the transport 
characteristics of a specific medium. 
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